Chitin and ␤-glucan are major cell wall components of Aspergillus spp. We investigated the antifungal activity of chitin synthesis inhibitors nikkomycin Z, polyoxin D, flufenoxuron, lufenuron, and teflubenzuron, alone and combined with the ␤-glucan synthesis inhibitor caspofungin. Only nikkomycin Z and caspofungin were found to act synergistically. The nikkomycin Z-induced chitin decrease corresponded with a ␤-glucan increase, while with the caspofungin-induced ␤-glucan decrease, an increase in chitin was found. This could explain the synergistic activity of this combination of drugs.
C
hitin and ␤-glucan, major constituents of the fungal cell wall and not found in humans, are interesting targets for new antifungal strategies. Inhibitors of chitin synthesis have been classified as either peptidyl nucleosides or acylureas. The peptidyl nucleosides, such as nikkomycins and polyoxins, function as substrate analogues and inhibit chitin synthase at its catalytic site (9) . The exact mechanism of the acylurea compounds, such as teflubenzuron, lufenuron, and flufenoxuron, is unknown (13) .
␤-Glucan synthesis is inhibited by the echinocandins, such as caspofungin, which are cyclic lipopeptide compounds inhibiting the enzyme 1,3-␤-D-glucan synthase. Lack of chitin and ␤-glucan in the cell wall leads to osmotic lysis of the fungal cell (9) . Therefore, combining a chitin and ␤-glucan inhibitor may enhance fungal killing.
This study reports the in vitro susceptibility of Aspergillus fumigatus to different classes of chitin synthesis inhibitors used alone and combined with caspofungin, a ␤-glucan synthesis inhibitor.
MICs of caspofungin (Merck and Co., Rahway, NJ), and for nikkomycin Z, flufenoxuron, lufenuron, teflubenzuron (all from Sigma-Aldrich, Zwijndrecht, The Netherlands), and polyoxin D (Kaken Pharmaceutical Co., Tokyo, Japan) were determined for 10 A. fumigatus strains, including A. fumigatus ATCC 204305. For caspofungin, the minimal effective concentration (MEC) of caspofungin was also determined. Nikkomycin Z and polyoxin D were dissolved in water, and all other agents were dissolved in dimethyl sulfoxide (DMSO). MICs and MECs were determined in triplicate in RPMI 1640 medium, according to the CLSI broth microdilution method (7) . Caspofungin was the only agent that inhibited growth of A. fumigatus (median MICs and median MEC for 10 strains are shown in Table 1 ). These MICs were in agreement with previously described MICs for A. fumigatus (7) . None of the chitin synthesis inhibitors inhibited growth of A. fumigatus (Table 1) . Microscopic evaluation revealed some morphological alterations after exposure to nikkomycin Z at Ն8 g/ml: some cells were rounded and swollen ( Fig. 1) , though most cells appeared normal.
Synergy between the antifungal agents was investigated by a checkerboard antifungal susceptibility assay. The fractional inhibitory concentration index (FICI) was calculated using Table 1 ). Synergy between caspofungin and nikkomycin Z is in agreement with previously published data (9). To assess antifungal activity with respect to fungal metabolic activity, the colorimetric 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt hydroxide (XTT) assay was used (16) . Exposure to none of the agents alone led to Ͼ80% decreased metabolic activity of the fungal cells, except for caspofungin at 128 g/ml. Similar results were described by Antachopoulos et al. (1) . However, combining caspofungin and nikkomycin Z mostly affected the decrease in fungal metabolic activity. For example, 0.125 g/ml caspofungin alone resulted in an 8% decrease in metabolic activity, whereas 0.125 g/ml caspofungin combined with 2 g/ml nikkomycin Z resulted in a 56% decrease in metabolic activity (data not shown). The morphology of fungal cells exposed to the drugs in combination was also studied (Fig. 1 ). This figure shows that when A. fumigatus was exposed to 8 g/ml nikkomycin Z, elongated hyphae were still present but some of the cells became rounded (Fig. 1b) . Exposure to caspofungin caused short, stubby branched hyphae (Fig. 1c and d) . When both agents were combined, the rounded cells became more prevalent (Fig.   FIG 1 Cells of A. fumigatus (original magnification, ϫ400). (a) A. fumigatus not exposed to any antifungal agent. Elongated hyphae are noted; no swollen cells are present. (b) A. fumigatus exposed to 8 g/ml nikkomycin Z. Elongated hyphae are still seen, but some of the hyphae appear to be swollen and rounded. (c) A. fumigatus exposed to 0.125 g/ml caspofungin. Hyphae are shortened, stubby, and broad based. (d) A. fumigatus exposed to 4 g/ml caspofungin. Hyphae are further shortened, stubby, and broad based. This morphology is more evident than with 0.125 g/ml caspofungin. (e) A. fumigatus exposed to 0.125 g/ml caspofungin and 8 g/ml nikkomycin Z. Cell morphology is disrupted, and many cells are swollen and rounded, though normal hyphae are still seen. (f) A. fumigatus exposed to 4 g/ml caspofungin and 8 g/ml nikkomycin Z. Cell morphology is completely disturbed, and no normal hyphae are seen. 1e). At a concentration of 4 g/ml caspofungin combined with 8 g/ml nikkomycin Z, the cell morphology was completely disturbed and no hyphae were identified anymore (Fig. 1f) .
To elucidate the observed synergy between caspofungin and nikkomycin Z, 5 ϫ 10 4 conidia/ml were exposed to these drugs for 48 h and the changes in cell wall components chitin and ␤-glucan were determined as previously published (10, 11, 14, 17) . At caspofungin concentrations of 4 g/ml and greater, a decrease in ␤-glucan content was observed ( Fig. 2A) . Additionally, with caspofungin concentrations of 32 g/ml and greater, chitin concentrations were elevated (Fig. 2B) . With nikkomycin Z, the opposite was observed: ␤-glucan concentrations increased when a concentration of 0.5 g/ml or greater was used, while chitin concentrations decreased when a concentration of 16 g/ml or greater was used. This observation is in agreement with Fortwendel et al., who reported that exposure to nikkomycin Z in concentrations up to 16 g/ml did not influence chitin concentrations (8) .
The combination of nikkomycin Z and caspofungin caused instability of the fungal cell wall. Figure 2C shows that ␤-glucan concentrations were strongly decreased after exposure to 0.125 g/ml caspofungin combined with 2 g/ml nikkomycin Z. As a consequence, chitin concentrations were increased in order to survive. This effect was also found for other combinations (data not shown).
Exposure to a single drug, either caspofungin or nikkomycin Z, causes a reshuffling of cell wall components chitin and ␤-glucan (schematically shown in Fig. 2D ). Inhibition of chitin synthesis in A. fumigatus resulted in increased synthesis of ␤-glucan and vice versa. This would explain the synergy between both agents as well as the altered morphology after exposure to caspofungin and nikkomycin Z. This alteration in cell wall components is not unique for A. fumigatus. Stevens et al. showed that Candida albicans reacts to caspofungin concentrations above the MIC by compensatory increases of the chitin contents of the cell wall, resulting in survival (15) . Furthermore, Walker et al. (18) reviewed several studies that investigated the enhancement of echinocandin activity when combined with nikkomycin Z in yeasts and fungi.
Nikkomycin Z was the only chitin synthesis inhibitor that inhibited A. fumigatus growth when combined with caspofungin. Since polyoxin D is also a peptidyl nucleoside, we expected to find the same synergy. However, polyoxin D, either alone or combined with caspofungin, did not inhibit growth of A. fumigatus. Polyoxin D is capable of inhibiting growth of Saccharomyces cerevisiae, (5, 6) C. albicans, and Cryptococcus neoformans (3). Archer (2) showed that polyoxin D does inhibit A. fumigatus chitin synthase. However, in the present study, the inhibition of chitin synthase by polyoxin D, even when combined with caspofungin, was not sufficient to result in fungal growth arrest.
In summary, we have shown that the inhibition of the synthesis of a single cell wall component (either ␤-glucan or chitin) results in a subsequent increase in synthesis of the other cell wall component. The observed synergy between caspofungin and nikkomycin Z is probably the result of an inability of the fungus to compensate for the altered ratio of chitin to ␤-glucan. Indeed, Luque et al. showed that the ␤-glucan synthesis inhibitor micafungin combined with the chitin synthase inhibitor nikkomycin Z improved survival in mice with systemic aspergillosis (12) . Additional studies are needed to investigate the in vivo potential of nikkomycin Z and caspofungin as a new antifungal combination for the treatment of aspergillosis.
